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uch  research  aid  testing  has  been  acoomDliehed  in  the  past 
years^o  develops  t lapergonie  YSm.1et  e^nAiiw  a wThe  topic  is 
discussed  in  almost  all  propulsion  texts,  However^m^^i^  little 
headway  has  been  made  in  theoretical  design  technique  as  many 


of  the  standar-d  computational  methods  used  for  ramjet  subsonic 
combustion  do  not  apply.  For  instance,  it  is  possible  to  use  a 
constant  area  nossle  for  subsonic  combustion  in  a ramjet  as  heat 


on 

W 1 JAM  1 


‘addition  and  frictional  effacts  in  the  combustion  chamber  will 
decrease  the  pressure  and  aooelerate  the  flow.  For  supersonic 
combustion  the  velocity  decreases  tending  to  choke  the  flow. 

To  overoome  this  .di-ffieu>>ty  area  increase  in  the  combustion  zone 
mve  used.  The  anaJysts  atiHiiirw  ^ strong  normal  shock  on  the 
diffuser  inlet  for  free  stream  mSSSh  numbers  of  5 and  10  and  the 
an  shock  free  flow  of  these  mach  numbers 

Accompanied  with  the  strong  normal  shock  are  large  stagnation 
pressure  losses  in  the  diffuser  inlet*  meaning  the  diffuser 
inlet  will  act  as  a flat  plate  to  oncoming  airflow.  For  this 
reason*  it  would  be  best  to  provide  air  spillage  and  not  use  too 
large  an  inlet. j For  the  shock  expelled  case  * the  drag  through 
^e  engine  would  be  less*  but  static  pressure  rises  up  to  272 
atmospheres  are  calculated. 

Basic  assumptions  that  apply  to  the  computational  schemes  li 
this  paper  are  the  quantum  mechanical  relationships  developed 
by  statistical  mechanics.  This  means  the  assumption  of  equilib- 
rium must  apply  within  the  zones  of  the  engine  calculated. 

This  is  a most  valid  assumption  for  high  speed  flow.  High  energ] 
molecules  will  have  time  to  reach  equilibrium  values  along  each 
section  of  the  engine*  but  have  little  time  to  dissipate  to  the 
walls  of  the  engine.  The  iimriscid  assumption  is  then  valid. 

Of  course*  chemical  reactions  within  the  combustion  chamber  are 
not  so  simple  in  nature  as  applied  here*  but  the  constant 
pressure  assumption  allows  chemically  reacting  computations  to 
be  determined  and  then  compared  to  the  perfect  gas  computational 
-ac^ero. 

^he  final  Thrust  Specific  Fuel  Comsumption  (TSFC^  values 
are  sufficiently  high  to  warrant  further  investigation  into 
supersonic  combustion  as  a method  of  propulsion. et^hey  are 
slightly  hi^er  than  that  of  a designed  ramjet  which  is  in 
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GLOSSARY  OF  TERMINOLOGY 
(°K)  temperature 
(atm)  pressure 
(nv^sec)  velocity 

dimensionless  frozen  flow  mach  number 

partial  pressure  fractions  of  molecules  and  atoms 

(g/mole)  molecular  weight 

dimensionless  entropy 

dimensionless  enthalpy 

(m^)  area 

ratio  of  specific  heats  for  frozen  flow 
global  molar  value  of  species  1 
universal  gas  constant  = 8314.33  jA-mole  °K 
equilibrium  pressure  coefficient 
absolute  enthalpy  of  each  species 

non-dlmenslonallzed  specific  heat 
absolute  formation  enthalpy 

stagnation  fluid  properties  determined  from  the  Isentropic 
perfect  gas  relationships 

density 

heat  addition  coefficient 
fuel-air  ratio 
correction  coefficient 


GLOSSARY  OF  TERNINOIiOGY  (continued) 
mass  fraction  of  species  1 
specific  net  thrust 

thrust  si)eciflc  fuel  consW'Ption 
mass  weighted  fuel-air  ratio 


SECTION  I 


INTRODUCTION 

A variable  area  supersonic  combustion  ramjet  vrais  modeled  for  free 
stream  mach  numbers  of  5 sind  lO^  It  was  desired  to  use  a configuration 
as  that  proposed  in  several  articles  on  a hypersonic  research  vehicle 
as  a joint  NASA-USAF  project.  The  problem  is  divided  into  four 
sections  I 1)  the  starting  shock  at  =5i  2)  the  swallowed  shock  at 

=5,  3)  the  starting  shock  at  »10,  4)  the  swallowed  shock  at  =10. 


Figure  1.  Entrance  Shock  for  Figure  2.  Shock  is  Swallowed  with 

Starting  Ramjet-Subcritical  Supersonic  Flow  Throughout- 

Conditlon  Supercritical  Condition 


The  flow  is  considered  non-vlscous  and  the  geometry  of  the 
converging-diverging  channels  are  2 dimensional  and  planar.  Effects 
of  curvature  to  compress  and  expand  the  flow  uniformly  across 
incremental  mach  lines  are  Ignored.  Rather,  it  is  the  purpose  of 
this  project  to  determine  the  fluid  properties  at  various  stations 
through  constant  properties  of  entropy  and  pressure.  Dissociation  of 
air  and  hydrogen/alr  chemical  reactions  are  computed. 


SECTION  II 

COMPRESSION  THROUGH  VEHICLE  BOW  SHOCK  WAVE 
The  how  shock  wave  off  the  hypersonic  vehicle  is  considered  as 
the  first  stage  of  air  compression.  From  Taylor-Maccoll  cone  theory 
(cone  at  zero  angle -of -attack)  with  a 7i  degree  cone  half  angle, 
fluid  properties  eire  estimated  to  hei 

M^  Tj^  °K  atm 

5 4.51  236  0.018 

10  7.99  306  0.0374 

15  10.37  408  0.0687 

Because  the  fluid  properties  are  the  average  of  that  from  the  ray  on 
the  shock  to  the  cone  surface,  the  following  values  are  used  as 
initial  conditions  for  the  diffuser  inlet 1 

M^  Tj^  °K  Pj^  atm 

5 5 230  0.02 

10  8 300  0.04 

Thus  the  how  shock  wave  off  the  vehicle  acts  as  a mild  first  stage 
compressor. 

AIR  IS  — ► Og  + 3.76  Ng 

“ 8314.33  Joule s/lC-mole  °K 

The  molar  volume  of  air  of  3.76  of  nitrogen  to  1 of  oxygen  is  assumed 
and  the  valxie  of  the  universal  gas  constant  as  used  through  this 
report  is  given. 


atm 


rtt.^  - -- 


TAIL  OF  WAVE 
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Figure  4.  Internal  Modes  of  Energy  of  Diatomic  Oxygen  and  Nitrogen 
Showing  Regions  of  Relaxion 

Values  of  y for  estimated  temperatures  can  be  determined  approximately 
by  guessing  that  the  values  begin  at  1.4  for  air  (O2  + 3*76  Ng)  and 
decrease  with  increasing  temperatures  where  dissociation  begins  at 
1100  °K.  When  Mj^=8  for  T^=300  °K  and  =1.3#  3300  °K,  however 

this  does  not  consider  molecular  dissociation  and  will  need  to  be 


adjusted 


SECTION  IV 


AIR  DISSOCIATION  THROUGH  A SHOCK  WAVE 
To  adjust  the  temperature  and  pressure  it  is  necessary  to  calculate 
the  mole  fractions  of  molecule  and  atom  species  of  O2*  if 2*  ^ 

from  the  estimated  temperature  and  pressure.  The  equilibrlvim  pressure 


coefficient  equations  of  each  individual  reaction  is  writtent 
and  the  fact  that  the  sum  of  the  mole  fractions  is  equal  to  1»  and 
the  ratio  of  oxygen  to  nitrogen  atoms  is  given.  The  equations  are 
rearranged  and  values  of  ^ q are  estimated  until  the  percent  error 
is  less  than  .001. 
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Th*  Hi^niet  IquAtlon  is  solYsd  for  EST  until  the  per  cent 
error  is  less  thsn  .oljl* 
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where 


It  Is  now  necessary  to  recalculated  the  molar  fractions  each  time 
a new  pressure  is  assumed.  Now  with  these  series  of  equations  solved 
for  an  estimated  temperature  and  corresponding  values  of  pressure,  a 
value  of  the  velocity  is  calculated. 


* 'W  ' 


tt.n 


By  successive  linear  extrapolation  a new  value  of  temperature  is 
determined,  the  pressure  and  mole  fractions  are  adjusted  until  the 
correct  velocity  is  calculated.  This  gives  values  of  Tg.  and  Ug 
behind  the  shock. 

Now  consider  frozen  flow  where  a value  of  ^ is  determined  for 
these  values  of  temperature  and  pressure. 
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r^oz 


- 1 


To  calculate  the  mach  number  it  is  necessary  to  determine 

the  speed  of  sound  In  the  mixture  at  the  position  behind  the  shock. 
For  temperatures  less  than  3000  the  contributions  of  the  shifting 
speed  of  sound  are  negllble  and  only  the  frozen  speed  of  sound  is 
considered.  As  such  the  reference  mach  number  is  calculated  from 
the  definition  of  the  speed  of  sound. 


It 


Cil^C 


U, 


C4CC 


>1/ 


t/7 


at  M^=8,  the  value  of  the  firozen  mach  number  behind  the  inlet  shook 
is 


M 


PROZ 


Z*7  8S 


■&  o.  ?v// 


Now  that  the  fluid  properties  are  determined  across  the  non- 
isentropic  strong  normal  shock 1 a question  might  be  posed  as  to 
whether  the  condition  of  assumed  equilibrium  is  valid.  Those  modes 
of  energy  such  as  translatlox»l|  rotational  for  diatomic  oxygen  and 
nitrogen  usually  reach  equilibrium  in  less  than  5 mean  free  paths 
of  collision  of  the  molecules.  Relaxation  of  the  vibrational  energy 
state  usually  takes  a somewhat  longer  tlmef  but  for  oxygen  and 
nitrogen  relaxation  still  occurs  in  a narrow  region  behind  the  shook. 
Therefore  the  frozen  properties  are  assumed  to  be  determined  after 
relaxation  or  for  equilibrium  ( see  Figure  4 ). 
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SECTION  V 


ISENTROPIC  DIFFUSER  FLOW  CALCUITIONS 
Behind  the  shock  wave  the  flow  is  subsonic  and  a converging 
channel  will  increase  the  flow  velocity,  and  decrease  the  molecule 
translational  energy  (temperature)  and  decrese  the  pressure.  That 
is,  the  more  random  molecular  motion  will  be  more  ordered  and  direct- 
ional. The  temperature  and  pressure  are  estimated  at  the  throat  to 
be  values  as  determined  from  the  isentropic  perfect  gas  relationships 

It  is  not  necessary  to  calculate  the  stagnation  properties  as  ratios 
can  be  taken  and  with  sonic  velocity  assumed  at  the  throat  the 


equations  are  ^ f 4 ^ y-/  1 

yp.  ‘j 

It  is  now  necessary  to  adjust  the  pressure  and  temperature  to  account 
for  the  dissociation  of  the  air.  The  equation  of  entropy  is 


With  the  known  properties  behind  the  shock  the  dimensionless 
entropy  is  calculated.  Next  calculate  the  entropy  for  the  estimated 
isentropic  temperature  and  pressure.  To  do  this  the  mole  fractions 
are  calcvilated  as  previously  outlined  and  then  the  entropy  is  adjusted 
by  changing  the  pressure  until  it  is  within  .01j6  that  of  the  entropy 
behind  the  shock.  Each  time  a new  pressure  is  assumed  new  values  of 


8 


mole  fractions  must  be  calculated.  However  the  mole  fractions  are 
relatively  insensitive  to  small  changes  in  pressure.  To  adjust  the 
temperature,  the  absolute  enthalpy  is  calculated. 


From  the  energy  equation  for  no  fuel  addition  to  the  flow 


J -yn., 


bnouid  the  mach  number  be  larger  than  1,  then  choose  a value  of 
temperature  100  ®K  larger  and  repeat  the  above  procedure  until  a 
new  mach  number  is  determined.  Now  by  linear  extrapolation  a third 
more  accurate  temperature  is  determined. 


The  calculations  are  now  repeated  again  and  usually  this  value  is 
within  0.1](  error  as  the  frozen  flow  mach  number  relationship  is  a 
fairly  linear  one  with  respect  to  temperatvu?e  for  constant  entropy 


SECTION  VI 


ISENTROPIC  DIFFUSER  EXIT  FLOW  CALCUIATIONS 


To  go  to  region  JC  (exit  diffuser  and  entrance  of  combustion 
chamber)  is  somewhat  more  involved*  Heat  addition  due  to  the 
combustion  of  hydrogen  and  air  for  various  values  of  the  heat 
addition  coefficient  are  calculated. 


for  Isentropic  expansion*  from 


The  heat  addition  coefficient  is  then  non-dlmenslonalized  with 


respect  to  T>  and  plots  are  made 


For  hydrogen 


COMfi 


The  mass  of  hydrogen-air  mixture  can  be  expressed  relative  to 
the  number  of  moles  of  oxygen  by  \\n  Before  combustion  this 
ratio  is  given  by 

Ho  + v)n  ° (Oo  + 3.76  N,) 


The  maximum  heat  release  is  obtained  for  \7>  = 0.5  as  the  oxygen 

hydrogen  chemical  reaction  is  H2  i02^H20. 

However,  it  is  possible  to  have  a leaner  fuel-air  mixture  ratio 

i i Vo/  ■ 

„ /I  U 


The  specific  heat  of  the  mixture 


where 


'831^.33  is  the  Universal 
Gas  Constant 


Several  ideal  assumptions  are  made  in  the  combustion  chamber  that 
expedite  computations.  The  hydrogen  enters  the  combustion  chamber 
at  the  same  speed  as  that  of  the  air,  and  its  absolute  enthalopy  is 
determined  at  1000^  for  temperatures  exceeding  this  and  at  the  air 


temperature  for  air  temperatures  less  than  this 

0 . . A U ^ 


COM  6 


Now  according  to  the  method  outlined  in  reference  1 the  value  of 
is. 


7n  = V.  76  Vo^  76  ?n. 

l/m  1 


For  temperatures  less  than  200 
is  almost  equal  to  q +3 
aporoprlte  values  and  cancelli 


. Substituting  in  all  the 

2 

gives, 


-9  ^ - 

for  hydrogen  air  mixture  0 will  range  from  1.441  (no  combustion)  to 
1.25  (combustion  temperatures  up  to  3000  °K).  Since  this  non- 
dimeiibionallzed  heat  coefficient  is  mainly  used  to  get  an  estimate 
of  M^,  = 1.4  is  used  as  this  is  at  the  position  of  combustion 

initiation.  A few  words  should  be  said  about  the  correction  coefficient 
X,  as  this  pertains  to  the  degree  of  combustion  of  gases  as  they  travel 
across  the  nozzle.  It  can  range  from  0.4  for  high  temperatures  and 
low  pressures  up  to  1.0  for  low  temperatures  and  high  pressures. 

With  the  possible  exception  of  one  case  10,  no  shock,  values  of 

0.7  would  seem  satisfactory.  For  the  sake  of  comparison,  0.7  is  used 
in  6^.1  computations.  Two  combustion  cases  vrere  taken  for  all 
computations. 

Oo  ° ° 0.5  <rich  mixture  - maximum  heat  release) 

° > 2 (lean  mixture  - minimum  heat  release) 

The  procedure  tc  determine  the  fluid  properties  at  the  diffuser  exit 
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3G  was  to  first  of  all  assume  we  want  « 1.2.  Too  high  a mach 
number  in  the  combustion  chamber  will  mean  problems  with  mixing  fuel 
and  air.  However,  should  the  flow  go  subsonic  again  this  would  mean 
flow  choking  (Mol)  and  the  flow  in  the  combustion  chamber  will  go 
to  low  mach  numbers.  Therefore,  in  conclusion,  it  is  desired  to 


keep  the  flow  within  the  mach  number  range  at  N. 


1 at  the  throat 


1.2  at  the  exit  of  the  combustion  chamber 


Looking  at  Figure  3*  can  be  determined  from  a calculated  heat 


release  coefficient  and  assumed  value  of  Mi 


1.2.  This  mach  number 


is  then  used  to  calculate  the  fluid  properties  isentropically  at  the 
diffuser  exit. 


n>fc  'Ir  L"  2 ' 'X*  J 

Next,  calculate  the  flow  properties  considering  air  dissociation  by 
the  same  method  as  used  to  determine  the  flow  properties  at  the  throat 
until  the  value  of  M^  is  within  0.1^  error  of  that  of  the  mach 
number  determined  by  the  perfect  gas  method.  Inspection  of  Figures 
5 throughlO  reveals  that  it  is  necessary  to  add  fuel  and  combust  the 
gas  downstream  of  the  throat  to  prevent  choking  the  flow.  Sven  though 
the  molecular  velocity  will  approximately  double  in  magnitude  from 
the  diffuser  throat  to  the  diffuser  exit  for  supersonic  flow,  the 
expanding  nozzle  will  result  in  a decrease  in  temperature  and  pressure 


•i.'  - • ■ 


Release  Values  Relative  to  Air-Fuel  Ratios 


Figure  6,  Heat  Release  Values  Relative  To  Air-Fuel  Ratios 


I 


Ttqwtmtur*  and  Araa  Increase  Across  Variable  Area  Combustion  Zone 


with  auti  appropriate  increase  in  c ^ . Inspection  of  Figure 

shows  that  for  constant  values  of  heat  release  coefficient  at  the 


combustion  chamber  exit,  larger  mach  numbers  are  required  at  the 
diffuser  exit  to  lower  the  resultant  mach  ntunbers  at  the  combustion 


chamber  exit 


SECTION  VII 


SUPERSONIC  AIR  FLOW  AND  HYDROGEN  FUEL  COMBUSTION  CALCULATIONS 


It  was  determined  for  the  lower  speeds  of  « 5 and  ^ 0.5 

that  the  temperature  reduced  to  739  ^ for  the  shocked  inlet  and  75^*9^ 
for  the  shock  free  inlet.  For  these  calculations  from  then  on  out  to 
the  nozzle  exit  it  was  assiuned  that  ignition  of  the  hydrogen-air  mixture 
was  achieved  by  other  means  rather  than  self  ignition  as  the  flow  would 
quench  below  approximately  900  The  next  procedure  is  to  oaloulate 

the  fluid  properties  of  the  hydrogen-air  mixture  at  the  combustion 
entrance  and  exit  for  chemically  reacting  gases.  Consider  the  energy 
equation,  ^ 


The  assximption  of  constant  pressure  combustion  implies  that  dp>0  and 
therefore  du«0  from  the  momentum  equation. 


That  is,  the  enthalpy  of  the  hydrogen-air  mixture  before  oombu8t*.on 
is  equal  to  the  enthalpy  of  the  combustion  of  gases  at  the  combustion 
chamber  exit. 


h = X h ^ -4-  Y L 

Where  X.i_  and  Xj^  are  the  mass  fractions  of  the  air  emd  hydrogen. 


“air 


y _ do^  C7t+7.76f2d.01  £)) 


and 


1.016  /e 


y _ 

V~  ^^(jZi-7.76(Z8.0l6))  + Z.OI6 

^..V=  iLIL  - " “ 

ht  l.  j ~ ^ 


(AJLL±h)  ^ 


TV  fOOc  •ff 


, 8^14.77  fiooo)  ! 

ya  z.  0 f 6 ( 

A 

i 

^3 
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Recalling  that  it  is  assumed  that  the  temperature  of  the  hydrogen 
entering  the  airstream  is  1000  °K  or  less  (equivalent  to  the  temper- 
ature of  the  airstream.)  For  example,  if  the  airstream  was  3000 
the  hydrogen  temperature  is  1000  °K,  and  if  the  temperature  of  the 
airstream  were  950  °K,  the  hydrogen  temperature  is  given  as  950 
also.  The  reason  for  this  was  to  avoid  the  possibility  of  dissociation 


1 4 

f J 

I i 


of  the  H2  molecules  into  H atoms  before  they  enter  the  airstream. 

This  would  affect  the  enthalpy,  molecular  weij^t  of  the  mixture. 

Even  though  this  effect  would  be  slight  the  enthalpic  state  of  hydrogen 
is  much  larger  than  air  because  of  its  much  smaller  molecular  wei^t 
of  2.016  versus  28.853  for  air.  This  could  mean  changes  of  up  to 
100  °K  in  the  final  computations,  and  it  is  also  unlikely  that  Hg 
would  be  injected  into  the  airstream  at  higher  temperatures. 

Now  to  determine  the  temperature  at  the  exit  of  the  combustion 
chamber,  values  are  actually  just  guessed  at  approximately  1500-2000  °K 
above  that  of  the  air  at  the  entrance  of  the  combustion  chamber.  The 
pressure  of  course  was  assumed  to  be  constant. 

The  first  thing  to  do  is  to  calculate  the  mole  fractions  at  a 


given  pressure  and  temperature. 


^ ^/f) 


Successively  closer  values  of  the  enthalplc  state  at  the  exit  of  the 
combustion  are  determined  until  an  accuracy  of 


r 

• y 


T' 

S 


5 0.01 


is  achieved. 
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since  again  the  mach  number  cem  be  calculated  in  the  same  manner  as  at 
the  nozzle  throat.  Slewing  the  res'U.ts  of  the  calculations!  it  is* 
evident  that  water  and  nitrogen  are  the  final  chemical  constltulents 
provided  the  temperatures  are  not  to  great  and  the  hydrogeni  oxygen 
and  nitrogen  atoms  are  not  allowed  to  reform  into  molecules. 

SECTION  VIII 

ISENTROPIC  FLOW  CALCULATIONS  AT  NOZZLE 
The  most  desirable  or  ideal  state  at  the  exit  of  the  engine  would 
be  that  no  underexpanded  flow*  ^ or  overexpanded  flow  where 

Pexit  ^ would  exit  the  end  of  the  nozzle . For  the  purpose  of 
calculating  the  ideal  nozzle  flow  the  pressure  was  assumed  equal  to 
that  entering  the  engine  behind  the  bow  shock  vrave.  = 0.02  for 
= 5 smd  P^  = 0.04  for  = 8.  Also  it  was  assumed  that  the  flow 
went  from  the  combustion  chamber  exit  to  the  nozzle  exit  Isentropically. 
A reasonably  valid  assumption  provided  the  hydrogen  gas  combustion 
reaction  is  complete.  That  is,  the  hydrogen  gas  has  released  all  its 
heat  content  within  the  combustion  chamber  and  no  additional  heat  is 
released  within  the  nozzle  exit.  The  decrease  in  temperature  and  , 
resulting  increase  in  velocity  of  the  gases  is  a transformation  of 
molecular  random  motion  into  more  ordered  and  directional  motion. 


The  entropy  at  the  exit  of  the  combustion  chamber  can  be  determined 
as  the  temperature,  pressure  and  mole  fractions  are  known. 


Pressure  and  temperature  will  decrese  for  noazle  expansion  and  the 
velocity  will  Increase.  The  frozen  flow  mach  nvimber  and  ^ are 
ccaculated  at  station  4 and  using  these  values  the  estimates  at  station 
5 axe  made  with  perfect  gas  isentropic  relationships. 


where 


Also 


^ J*i,  Pi 


Ph 

/A 


y-j 

& 


Al/l 


•a 


After  estimating  the  temperature  corresponding  to  the  pressure  is 
determined. 


T 


Tf  =-5 


V = 


T 

'h 


Keeping  in  mind  that  the  vsaue  of  Y used  is  that  frozen  from  the 
combustion  chamber  exit.  The  temperature  and  pressure  are  adjusted 
accounting  for  chemical  reactions  and  with  this  estimate  of  temperature 
the  mole  fractions  from  the  previous  eqviations  given  are  calculated. 

The  entropy  is« 
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The  temperature  T^  is  adjusted  until  the  entropy  at  station  5 is 
within  OiOl^  of  that  at  station  4.  The  corresponding  absolute 
enthalpy  is  then  determined. 


V 4-^  ' % r / 


'Uis  = 

'^.rj 


C41C 


u = 


wz. 


m""  _ 

' VZ^ 


ISECTION  IX 

CALCUIATION  OF  AREA  RATIOS  FROM  COMPUTED  FLOW  PROPERTIES 
The  area  ratios  can  now  be  determined  from  the  conservation  of 


mass  and  the  equation  of  state. 


^~1L  Pt  ^ 
~ rr  7i 


_ _P 

T yo 


‘.y 


Note  that  a specific  area  cannot  he  found  for  any  one  location.  A 
reference  area  must  be  established.  The  sonic  throat  is  chosen  a^' 
the  reference  area  as  it  supposedly  represents  the  smallest  area. 

The  area  ratio  at  the  throat  is  given  and  is  that  location  where  the 
flow  is  sonic  (M  = l). 

SECTION  X 

SPECIFIC  NET  THRUST  AND  TSPC 

The  specific  net  thrust  (SNT)  and  thrust  specific  fuel  consvimption 


(TSFC)  are  determined  as  follows i 

^=(1  i-  f)u,,  - U, 


- mass  flow  rate  of  air  through  the  engine  configuration 
f - fuel  air  ratio 
u^  - exit  velocity  of  burned  gases 

Uj  - flight  velocity  of  the  engine  (initially  specified) 

mass  fuel  / per  \inlt  time  QIC  - u/n'/  h'nK 

mass  air  / per  unit  tims  (SZ  1-(f. 

^ , O f ^ 

' ■' 0. s(^z. * 3. 76(ia. o u))  ~ ^ fiu-  4,^=  '/g^ 

^ ” Z-(iZ  t7.7CCu.9jf))  —^-OOTTf?^  fet 


TSFC 


*9^ 


SECTION  XI 


CONCLUDING  COMMENTS 

The  resulting  specific  net  thrusts  and  associated  TSFC  are  rather 
high.  As  would  be  expected  the  greatest  amount  of  thrust  would  be 
provided  for  the  richest  mixture  of  hydrogen  to  air  at  vL  ® = 0.5. 

The  thrust  falls  off  dramatically  for  leaner  mixtures  and  for  the 
shocked  inlet  at  M^jq  =10  for  ° = 2 negative  thrust  or  drag  is 

provided. 

Rather  encouraging  results  are  obtained  for  the  shocked  inlet. 

The  thrust  values  are  reasonably  high  and  the  associated  TSFC's  are 
almost  double  that  of  some  typical  ramjets  (designed  and  in  operation. ) 
This  type  of  design  would  require  that  the  stagnation  pressure  drop 
such  that  P3Q/P03C  ' ^4/^04  * ^5^05  ^ below  values  of  O.528 

or  it  would  not  be  possible  to  obtain  supersonic  flow  in  the  aft  side 
of  the  diffuser.  This  ceui  be  determined  from  perfect  gas  tables, 
shock  tables,  and  the  graphs  included  herein  for  stagnation  pressure 
drops  across  the  combustion  chamber. 


- 5.  t), 


0.5,  and  the  shocked  inlet. 


P3C/P03C  = ' 0*3969  ^5/^05  " 0*10994 

all  of  which  are  below  P/Pq  ® 0.528.  This  means  the  flow  will  indeed 

go  supersonic.  Similarly,  the  other  conditions  can  be  checked. 


TABLE  1 CALCULATED  SNT  AND  TSFC  VALUES 


SHOCKED  INLET  ENGINE 


(N/lCg/sec) 


TSFC  (Kg/hr/N) 


SHOCK  FREE  ENGINE 


'm  (N/kg/sec 


TSFC  (KgAr/N) 


SOME  TYPICAL  VALUES  OF  TSFC  FOR  OTHER  TYPES  OF  ENGINES  ARE 
RAMJET  0.173  - 0.265  (N/kg/sec)  M = 2 

TURBOJETS  0.0763  - 0.1078  (NAg/sec)  STATIC 

TURBOFANS  O.O509  - O.O6II  (NAg/sec)  STATIC 


Shocked  Inlet  for  H, 
Area  Relationships 


Figure  12.  Shocked  Inlet  for  1^  > 10 
Area  Relationships 


0.5,  2.0  with 


While  the  values  of  thrust  emd  TSFC  for  the  shock  free  engine 
look  to  he  promising,  it  must  also  be  considered  that  the  static 
pressures  of  up  to  272  atmospheres  would  be  prohibitive.  In  fact, 
it  would  be  necessary  to  open  up  the  diffuser  rather  than  closing  it 
to  provide  permissible  operating  pressures.  Also,  to  prevent  choking 
in  the  combustion  chamber  the  engine  would  have  to  be  opened  even  more. 
This  would  require  a tremendously  large  engine  with  a large  associated 
wave  drag.  As  such,  only  the  shocked  inlet  configuration  appears  to 
be  promising. 

A method  of  injecting  and  combusting  the  gases  across  oblique 
shock  waves  in  the  combustion  chamber  for  the  shocked  inlet  configuration 
should  be  investigated  as  to  its  feasibility.  Also,  the  same  methods 
outlined  in  this  paper  could  be  used  to  investigate  the  feasibility  of 
an  external  ramp  over  which  combustion  would  take  place  on  the  aft 
side. 


Figure  15»  Typical  Flight  Vehicle  with 
Supersonic  Ramjet  Engine 


Figure  16.  Typical  Missile  with 

Supersonic  Ramjet  Engine 


Figure  17*  One  Supersonic  Ramjet 
Combustion  Module 


TABLE  2 COEFFICIENTS  a^J^(T)  OF  EQUILIBRIUM  CONSTANTS 


yi-tvi 


U.kW 

U.Mto 


O.W// 

O.OVlVr.i 

o.omv 

0.«VT 


TABLE  4 EQUILIBRIUM  CONSTANTS, 


A0(j) 


T 

(K) 

• a 

JOtf  « 0 

OH 

-55 

xxoo 

2.570*  -0 

2.*T^  -9 

9.1833  -* 

7.638* 

6 

X200 

X.963*  -7 

2.WI89  *8 

X.C7/2  -x 

7.9250 

7 

XJOO 

X.10X5  -6 

X.75TO  -7 

1.7378  .1 

X.X58<' 

7 

]))00 

X.CliX7  >6 

9.1f.n?  -7 

2.220>)  >1 

6 

XJOU 

X.7*98  *5 

k.OH'/S  -C 

2.7606  >1 

5 

xdoo 

5.*075  -5 

X.*308  -S 

3.33*3  -X 

X.5l>' 

5 

X7O0 

X.XC53  -* 

*.*37a  .5 

3.526*  -X 

5.0003 

* 

x8oo 

3.5C*5  -* 

i,2fffa  •* 

*.5^  -1 

5.1'^  -X 

1.C62X 

* 

ivn 

7.90C8  U 

*.95«ll>  •* 

7.6913 

3 

aooo 

X.6X6X  -3 

6.637*  •* 

5.H0r«6  -X 

3.*67* 

3 

2X00 

3.IOI1C  -3 

X.3N0*  .3 

6.*565  -X 

1.68:6 

3 

2000 

5.6x05  -3 

2.C853  -3 

7.0958  -X 

2 

9.6^3  -3 
X.^9  -2 

*.9317  -3 

y.v**r.  .1 

*.U)b* 

2 

B.CtVJ  >3 

8.3/53  -X 

t.rm 

2 

2300 

2.506X  -1 

X.*38n  ^ 

e.9»o  -X 

1.67*9 

2 

2«00 

3.8X9*  -2 

2.3X21  *2 

9.6X61  >1 

1.0*95 

2 

2700 

5.02*  -2 

3.5810  -2 

X.0233  0 

6.8orr; 

*.5*99 

X 

2600 

8.X*7D  -2 

5..WI  -2 

X.OOl*  0 

X 

2i(00 

X.X*55  -X 

7.8886  >2 

1.1*02  0 

3.1261 

X 

3000 

X.57*0  -1 

1.12*6  -X 

X.X967  0 

2.2029 

X 

3X00 

2.XXa*  'X 

1.5668  -X 

X.253X  0 
x.3^  0 

X.5885 

X 

3200 

2.7990  -1 

2.1380  -X 

X.1666 

X 

3300 

3.639B  -X 

2.66>i2  -X 

X.3583  0 

6.7*« 

6.6681 

0 

3^ 

*.6559  -X 

s.r«7  -X 

x.*125  0 

0 

3500 

5.87*9  *1 

(.0978  -x 

X.*6*2  0 

5.1589 

0 

3C00 

7.3*82  -X 

6.2517  -X 

X.510X  0 

*.0*58 

0 

3700 

9.0365  -X 

7.8886  .1 

1.5560  0 

0 

3800 

X.OS190  0 

9.6*01  .1 

X.6032  0 

0 

2SS 

1.3*7*  0 

1.2X3*  0 

1.6***  0 

2.X03B 

0 

1.58*9  0 

X.*791  0 

1.6866  0 

1.7298 

0 

Vxoo 

X.8793  0 
2.2080  0 

X.7865  0 

1.7298  0 

X.*355 

0 

X200 

2.1380  0 

X.77OX  0 

X.X995 

0 

<>300 

2.5823  0 

2.5351  0 

1.807?  0 

X.0XX6 

0 

WMO 

*500 

2. m3  0 

3. **35  0 

2.9^  0 
3.*91*  0 

1.8*50  0 
X.8836  0 

8.6099 

7.3621 

•X 

•X 

1 

l.(9R  1 
i.rAa6  X 
X 
I 


6.S5M  -> 
J.JOfi  -1 
X.7973  -X 
X.NT3  -X 
J.T1S  -X 

S.ieB»  -X 
l.9»u  .X 
t.att 
t.SMt 
t.XX)> 

i.9o»  -X 
x.wb  .X 
X.»'<W  -X 
X.I)B0  -X 
1.SIR3  -X 


37 


XABLE  5 EQUILIBRIUM  CONSI/LNTS.  Kp 


ii) 


T 

(K) 

194  • • 

^4  Ip,  • RO 

004  • OOl. 

uoo 

5.1309  -00 

2.3181  -1 

7.9898  8 

IMO 

1.1976  •!• 

9.3088  -1 

9.8076  7 

1.66T1  -16 

1.0666  -3 

C.(fZ2  C 

3.9061  -19 

1.9109  -3 

1.03>8  6 

1900 

6.0671  -ll 

3.0981  -3 

t.OTOl  9 

itoo 

6.6891  -13 
9.9163  -U 

9.1086  -3 

9.0816  1 

ITOO 

7.6960  -3 

1.1T91  1 

1800 

3.6999  -U 
i,sn»  -10 

1.0911  -t 

1.9317  3 

1900 

1.9031  -s 

1.8193  3 

•000 

8.9990  -10 

1.9999  -• 

Y.6>>'<0  8 

•100 

i 

3.8991  -8 

• .99W  -• 

S.tBlO  -> 

3.1991  • 

••00 

i.6ai>7  • 

1.0611  -t 

8.7096  1 

I.IUT  -7 

1.9>19  -» 

1.7TC3  1 

•900 

• .9171  -7 

9.9W  -• 

2.79I*  1 

•800 

7.0998  -T 

7.00.16  -> 

1.6998  1 

•TOO 

1.6018  -6 

8.1816  -• 

1.0391  1 

c8oo 

5.1911  -6 

9.1106  -C 

6.6831  0 

•900 

T.1289  -6 

I.07O9  -1 

1.1966  0 

5000 

1.3868  -9 

i.mo  -1 

3.0919  0 

3100 

•.98ae  -9 

l.JW  -1 

0.1178  0 

3100 

1.699?  -9 
e.ow  -9 

1.9311  -1 

1.9193  0 

1.6913  -1 

1.1321  0 

X.sm  A 

1.0661  -1 

8.1918  -1 

5900 

•.•080  -1 

».0ll7  -1 

6.1969  -1 

5800 

3.9079  -1 
9.13«9  -1 

• .•233  -1 

1.9888  -1 

ss 

•.1099  -1 

3.9081  -1 

8.>039  -1 

».6oae  -1 

3.1016  -1 

1.01tt  -3 

».79e9  -1 

8.I9I6  -1 

1.7701  -3 

•.9903  -1 

8.0321  -1 

1100 

laoo 

•.9q?  -3 
3.9W  -3 

1.6672  -1 
1.38U  -1 

1.8978  -3 
6.6681  -3 

5.9979  -1 

3.8019  -1 

1.1986  -1 

9.751?  -» 
8.^  .2 

1900 

8.9713  -3 

1.0087 

1600 

1.19U  -• 

1.8170  -1 

7.1289  -2 

1.9996  -• 

1.1899  -1 

6.1918  -2 

•.0030  -• 

l.ciy  -1 

9.3196  -a 

1900 

0.6000  -• 

1.8ji9  -1 

1.6771  -2 

9000 

3 5037  -• 

9.098»  -X 

1.1119  -2 

9100 

1.1991  -t 

9.r7»3  -1 

9.1M  -1 

3.6306  -2 

9800 

9.0000  -t 

3.2211  -2 

’9SS 

6.1I1T  -e 

9.6889  -1 

2.8T71  -2 

iSi  i 

9.9oeo  -1 

2.9763  -2 

9900 

6.1091  -1 

2.3171  -2 

9600 

1.^  -1 

6.3811  -1 

2.0911  -t 

1.1060  -1 
i.60rr  -1 

6.93y  -1 

6.7a?8  -1 

6.99IS  -1 

T.ua»  -1 

1.8967  -2 
1.7298  -2 

9900 

6000 

0.0019  -1 

•.3ni  -1 

X.ir/C  -2 
1.1121  -2 
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6 REDUCED  ABSOLUTE 

FORMATION  ENTHALPIES 

— : i 

. ? 

! 

r£2l*a32a1 

T 

L JtT  j 

i L « Ji 

T 1 T 1 

1 

' 

lOt.t-rja 
.«> 


n.un 

tO.OM 


m 


lU.THW) 

Ol'id.ejoo 

•tJJ.WJB 

»7.nso 

2tl>.6lW 

•S3£.Se 

».»89 

-W.Mi'Jt* 

aS.rojr 

JQl.flOO 

•k?.12y/ 

•iu-err 

JS.6TAS 

IWi.OJS) 

-ID.nfl" 

n.t«7o 

i»}.7»iO 

-SC.JIW 

ABSOLUSE  FORMATION  ENTHALPIES 

IT 

\^\f' 

T OK  1 

a.T 

[l 

L ^ 

i T 

S.WO 

S.kW 

i.kiit 

>.WT 

S.li36 


100 

NO 

NO.lA 

y» 

keo 

TOO 


too 

too 

too 

900 

1000 


3.WA 

S.*>7H 

J.Mk 

J>9» 

J.90T 


1100 

IfOO 

1300 

iwe 

1900 


3.9M 

3.>3<i 

3->»o 

3.92 

3.9>r 


UOO 

1700 

INO 

1900 


3.<08 

3.<M 

ycfjo 

yon 

ytm 


3.73S 

3.W 

S.T78 

3.799 


noo 


0300 

Moo 

tsoo 


Moo 

0700 

OOOO 

0900 

3000 


3.S19 

3.839 

3.897 


3.916 

3.931 

3.9!>0 

3-969 

3.987 


3100 

3N0 

ss 

3900 


3600 

3100 

SW 

ss 


1.003 

1.000 

1.037 

1.033 

1.0M 


UOO 


1.081 

1.100 

1.U9 


ss 

1900 


TAPT.B  9 REDUCED  SENSIBLE  ENTHALPIES 


S.MT 

S.TrA 

• .3«l 

3.»*7 

3.3y 

J.JtW 

3.Vi% 

S.*9» 

5.371' 

3.^99 

3.VJO 

J.TT9 

y>>9i 

y.w 

9.^99 

9.W 

3.7*1 

S.JOO 

3.iiV9 

S.W 

3.301 

k.cet 

3.S06 

y0i9 

t.300 

3.31* 

k.IV 

1.3SO 

i.vn> 

1.300 

3.330 

i.kii 

3.JW 

l-f'jh 

t.300 

S.«5 

3.363 

3.119 

».30O 

s.sfe 

h-byt 

3.» 

S.TliH 

t.300 

3.<4T 

'«.99» 

3.6M 

3.779 

t.300 

3.C3i 

3.XW 

TABLE  10  REDUCED  ENTROHIEE 


19.17.1 

1U.2VS 

2(<.3.^ 

.*5.110 

20.523 

19. 798 

16.  Vm. 

28.8** 

22.l('-7 

7... (>*.-■ 

27.*<« 

19.9711 

16.(109 

29.263 

22.*->i 

2i..*28 

*7.97* 

*®?!S 

17.0*8 

29.''8s 

22.6<I2 

2i..7f>2 

26.*5* 

TO.MS 

I7.W9 

30.090 

22.90 

27.110 

28.925 

to.^i 

17.*i.r. 

.30.  >>01 

23.111 

27.*16 

*9.1.31 

ti.aa9 

23.i97 

27.-70* 

29.735 

*1.^95 

n.Hp.! 

31.00.-. 

23. *71 

27.975 

30.  U1 

71.7*7 

It. ’Oh 

3i.:iio 

23.637 

28.;'3? 

30.*90 

n.9W 

18.1 

31.9(10 

23.-78* 

2U.*76 

30.a.3 

».fl7 

ic.m 

31  .(-.l-^ 

23.»27 

2ft  .YOO 

3I.IUI 

n.*3& 

18.*1* 

37.079 

2*  .063 

28.932 

31.907 

22  .MC 

18.1*2 

32.311 

2*. 191 

(79.1*5 

11.(120 

22.8*9 

18.6a 

32.933 

2*. 31 3 

*9.3*9 

32,172 

*3.0*J 

18.781 

3S.7*7 

2*  .*30 

*9.->5 

32  .*12 

*3. *31 

I8.8>a 

3*.9» 

2*. 9*1 

*9.73* 

32.69* 

23  AW 

18.998 

33.1*9 

2*.ao 

29.916 

32.>.'9 

23.388 

19.100 

33.339 

t*.760 

30.092 

11.229 

23.798 

19.196 

33.52* 

2*.a9 

30.201 

».*« 

23.9>* 

19.292 

33.702 

2*  .9*3 

30.k*5 

33.731 

2*  .082 

19.383 

33.87* 

29.035 

311.5a 

31.970 

S-*2 

19.*71 

3* .0*2 

25.123 

39.-736 

St.203 

tk.yu 

19.996 

i*.2a 

29.209 

30.880 

1*.*S0 

8*.3S* 

19.638 

.3*.362 

29.291 

31.033 

3* .690 

2*  .677 

19.717 

3*. 916 

25.971 

31.17* 

3*.8a 

2*. 017 

19.79* 

3*. 669 

29.**9 

31. 3U 

39.072 

2*.992 

19.869 

3*. ail 

29.52-j 

31.*** 

39.276 

29.089 

19.9*1 

3*.993 

29.590 

31.979 

39.*-7* 

29.21* 

20.011 

39.092 

25.670 

31.701 

39.668 

29.3*1 

20.080 

39.227 

25.739 

31.8*5 

19.856 

29.*69 

20.1*7 

39.360 

29.807 

31.9*9 

36.0*1 

29.986 

20.212 

39.*89 

».e73 

32.063 

36.221 

29.709 

K.279 

39.619 

29.938 

32.178 

36.397 

29.821 

20.337 

39.739 

26.002 

32.291 

16.96} 

29.939 

20.397 

39.899 

26.oa 

32  .*01 

36.736 

26.0*7 

20.*96 

39.978 

26.12* 

32.909 

St.903 

K.197 

20.913 

35.09* 

26.183 

32.a* 

37.069 

26.26* 

20.9-8> 

36.206 

26.2*2 

32.-A7 

37.22* 

26.m 

26.S79 

20.62* 

20.0*78 

^:SI 

26.299 

26.3a 

32.81} 

32.918 

37.1-79 

17.931 

tc.yn 

w.-m 

36.936 

26.*09 

33.019 

37.681 

26.677 

20.782 

>6.6*0 

K.*63 

33.111 

37.827 

26.776 

20.833 

36.7** 

20.516 

13.205 

37.971 

26.87* 

20.883 

36.8*5 

M.968 

l;i.2(77 

3B.II3 

20.931 

36.9** 

K.ay 

ii-Hn 

16.252 

27.0a 

20.979 

37.0*2 

26.67.9 

13.*T6 

38.3718 

27.196 

21.029 

37.136 

24.719 

13.961 

38.5.*i( 

r/.t*« 

21.071 

37.233 

K.TCd 

jll.M9 

16.65* 

2-7.338 

21.116 

37.329 

26.8(5 

33.711 

35.78* 

ei.Vt! 

n.lOo 

3T.*16 

26.87.3 

M.ltti 

36.911 

27.919 

21.20* 

97.906 

26.919 

3J.I2/* 

39.0T7 

27.601 

21 .2*7 

37.9'/> 

K.y,* 

Jl.'/78 

33.161 

n.a>i> 

2I.M19 

37.682 

K.999 

3* .057 

19.2(13 

>•- 

P'- 

Tt; 


TABLE  11  REDUCED  ENTROPIES, 


T 


(R) 

«1 

NO 

9 

CO 

CO3 

100 

19.179 

11 .1/9 

19.693 

19.889 

11.777 

fOO 

tl.cu 

ll-IHil 

17 .*87 

*1.399 

i*.or.7 

t9S.l« 

rj.032 

15.339 

18.*M 

.'>3.798 

25. TOO 

13.093 

19.iV3 

>8.k*0 

23.780 

15.717 

(w 

M.062 

16.^XI 

w.m 

M.'790 

27.088 

JOO 

M.eil 

17.100 

19.717 

t9.*0( 

M.l*l 

coo 

19.909 

n.87b 

10.171 

t6.M3 

19.1*9 

100 

t6.0C9 

ie.*6i 

10.998 

16.81* 

30.1*7 

Coo 

1C.9C8 

28.<ia3 

10.891 

17.311 

30.958 

900 

IT.OlS 

29.*51 

11 .186 

27.777 

31.698 

1000 

n.*ia 

19.879 

11 .*90 

M.I9* 

32.378 

1100 

tr.eac 

90.171 

11.688 

18.977 

33.007 

1100 

ie.197 

10.03* 

21. 906 

28.93? 

33.991 

1300 

M.*a3 

30.9n 

12.106 

19.163 

3*.136 

Ikoo 

13.789 

31.187 

22.191 

*9.9-73 

9*.650 

woo 

19.077 

31.983 

ll.k6k 

29.86* 

39.131 

iCoo 

19.3*9 

31.861 

12.619 

30.136 

39.988 

1700 

19.606 

32.119 

22.777 

30.398 

36.016 

uoo 

19.390 

32.37* 

22.919 

30.6** 

S6.*.78 

1900 

30.033 

32.611 

13.09* 

30.878 

36.817 

2000 

30.30* 

32.837 

23.183 

31.108 

37.186 

1100 

30.919 

31.891 

13.309 

31.31* 

37.5*3 

noo 

30.713 

13.158 

23.*tl 

31.518 

37.803 

1300 

30.911 

33.*59 

13.931 

31.71* 

38.109 

MOO 

31.099 

33.6*9 

13.639 

31.9C8 

36.5*2 

1900 

31.179 

33.817 

•3.7<1 

38.088 

38.81* 

ICOO 

31.*98 

3*.0« 

13.839 

V.836 

39.11* 

1700 

31.619 

3*.172 

13.93* 

32.*8* 

39-39* 

Moo 

31.780 

3*.119 

2*  .086 

31.986 

39.393 

1900 

31.M 

1*.*91 

M.Uk 

3?.7*3 

39.916 

3000 

31.037 

3*. 6*5 

M.199 

32.899 

*0.180 

3100 

31.133 

3*.793 

H.tai 

33.0*1 

*0.*16 

31CO 

31.379 

3*.936 

33.18* 

*0.66* 

3300 

31.911 

59.079 

M.ViO 

33.322 

*0.89$ 

SMO 

31.C*6 

39.1U 

M.916 

S3.*57 

kl.ltO 

3900 

31.776 

39.3*1 

M.990 

33.987 

*1.339 

9COO 

31.901 

39.*70 

M.663 

33.71* 

*1.552 

3700 

33.016 

39.99* 

M.73S 

33.838 

*1.759 

3BOO 

33.1*7 

39.716 

M.8oe 

33.999 

*1.961 

sss 

33.16* 

33.373 

39.83* 

39.9*9 

M.869 

M.936 

3* .076 
3*.19l 

*2.199 

*2.391 

ClOO 

31.*90 

36.061 

19.001 

3*. 303 

*1.539 

MOO 

33.999 

36.in 

19.069 

3*.*13 

*1.723 

ktoo 

33.106 

36.179 

n.iri 

3*.9l9 

*1.901 

MW 

33.810 

35.38* 

19.18» 

3* .Cl* 

*3.078 

h900 

33.911 

36.*e7 

19.190 

3*.727 

*3.190 

MOO 

9*.<tl 

36.988 

15.310 

3*. 817 

*8 .*91 

*700 

3*.U0 

36.666 

15.369 

3*. 919 

*3.5«3 

*aoo 

3*  .106 

36.7«-5 

K.htrt 

35.WI 

*3.7*5 

*900 

1*JW9 

36.877 

t5.*8* 

35.116 

*3.90* 

9000 

3*.19l 

36.971 

19.9*1 

35.108 

**.099 

9100 

3k.*8l 

Xf.OCt 

19.997 

39.199 

**.111 

9100 

3*.I71 

37.191 

19.691 

39.38# 

**.3(1 

9300 

3 698 

37.138 

19.707 

35. *79 

**.S0» 

■9*00 

1*.7** 

ITf.JM 

19.7*1 

35.961 

**.653 

9910 

3k.8M 

37.*09 

19.819 

39.6*9 

**.796 

9600 

M.911 

37.*91 

39.718 

**.93'. 

9700 

J*.991 

JT.ffh 

19.91* 

3>.<'10 

*>.071 

9300 

59.071 

Q.97* 

39.690 

*5.109 

9900 

39.191 

37.731 

K.OtC 

39. '/9 

*5.1*1 

COQO 

39.118 

37.011 

K.OTT 

36.0*0 

*9.*73 

TABLE  13  REDUCED  SPECIFIC  HEATS 


MO 

3-900 

2.900 

3.669 

3.m 

l.OOii 

too 

3-901 

t.>30 

s.»;-9 

S.S)» 

1.010 

3-903 

2.500 

5.9<<0 

1.166 

3.909 

1.039 

s» 

3-903 

l.to 

3.999 

I.ITT 

3.905 

1.039 

koo 

3-91* 

2.900 

3.102 

1.970 

S.929 

1.119 

soo 

3-997 

t.to 

3-667 

5.9&T 

3.533 

1.2J5 

Coo 

9-Ctl 

2.900 

3-797 

9.692 

3.6<.^ 

1.9f>^ 

TOO 

5« 

8.900 

3.<K 

9.961 

3.719 

1.50d 

to 

t.900 

1-911 

6.166 

i-fsi 

1.693 

900 

3-860 

8.900 

' %.080 

6.371 

3.«18 

1.601 

1000 

3-933 

2.900 

1.066 

6.938 

3.991 

1.957 

uoo 

3-996 

8.900 

1.116 

6.661 

1.055 

5.109 

uoo 

1-057 

f.to 

1.199 

O.TfC 

5.2?i 

1300 

1.107 

2.900 

1.237 

6. 072 

1.153 

5.111 

uoo 

1.193 

t.to 

1.273 

C.992 

^.800 

5.529 

1900 

1.192 

8.900 

1.301 

T.088 

4.83I» 

5.653 

iCoo 

1.22c 

8.900 

1.330 

7.062 

1.267 

5.768 

XTOO 

1.296 

8.900 

1.393 

1.299 

5.675 

laoo 

1.263 

8.900 

1.371 

1.319 

5.9T3 

1900 

1.32 

8.901 

1.392 

7.228 

1.311 

6. Of  3 

tooo 

1.326 

8.901 

I.I06 

7.299 

1.3SO 

6.11: 

2100 

1.917 

2.901 

1.122 

7.291 

1.377 

6.220 

2200 

1.361 

2.902 

1.139 

7.320 

1.392 

6.293 

2300 

1.360 

8.908 

1.117 

7.317 

1.106 

6.399 

2100 

1.391 

2.901 

1.196 

T.37I 

1.119 

6.116 

2900 

l.lOC 

2.909 

1.167 

7.393 

1.130 

6.173 

2C00 

1.116 

8.907 

1.176 

T.ll> 

l.Ul 

6.921 

2TOO 

1.126 

8.910 

1.169 

T.lSS 

1.191 

6.972 

2600 

1.136 

2.913 

1.192 

7.191 

1.160 

6.619 

2900 

1.118 

2.917 

1.199 

7.166 

1.166 

6.657 

3000 

1.196 

8.988 

1.906 

7.189 

1.176 

6.699 

3100 

1.161 

2.927 

1.913 

7. 199 

1.181 

6.730 

3200 

1.172 

2.931 

1.919 

7.913 

1.191 

6.761 

3300 

1.179 

2.911 

1.V5 

7.926 

1.197 

6.799 

9M» 

1.166 

8.990 

1.930 

7.939 

1.903 

6.629 

3900 

1.192 

2.999 

1.939 

.7.991 

1.909 

6.692 

3C00 

1.196 

8.570 

1.910 

7.961 

1.919 

6.879 

9T0O 

1.901 

2.962 

1.919 

7.979 

1.921 

IS! 

6.S8« 

3600 

1.910 

8.999 

1.990 

7.966 

1.526 

3900 

k.919 

2.606 

1.991 

7.997 

1.531 

6.919 

1000 

1.921 

2.683 

1.996 

7.606 

1.936 

6.970 

Uoo 

1.926 

2.639 

1.962 

T.6I6 

1.911 

6.990 

1200 

1.930 

8.696 

1.966 

7.686 

1.916 

7.006 

1300 

C.939 

8.671 

1.970 

;.!s 

1.950 

7.027 

Uoo 

1.910 

2.693 

1.971 

1.599 

7.011 

1900 

1.911 

8.TU 

1.976 

7.697 

1.999 

7.060 

ICOO 

1.919 

2.733 

1.962 

7.666 

1.9*3 

7.076 

9.993 

8.791 

1.969 

7.676 

1.967 

7.051 

1.996 

8.776 

1.969 

7.669 

1.971 

7.106 

1900 

C.962 

8.799 

1.592 

7.691 

1.979 

7.120 

9000 

1.966 

8.628 

1.999 

T.TOe 

1.979 

7.133 

5100 

1.971 

2.616 

1.999 

7.713 

1.5«1 

7.116 

9200 

9-979 

8.670 

1.602 

7.781 

1.967 

T.UO 

9300 

C.979 

2.691 

1.602 

7.739 

1.591 

7.173 

9100 

1.961 

2.919 

1.669 

7.716 

1.551 

T.l« 

9900 

1.966 

8.9M1 

1.618 

7.797 

1.599 

7.196 

9COO 

1.619 

7.766 

1.600 

7.210 

>700 

1.616 

7.779 

1.606 

7.222 

9600 

VAX) 

1.602 

1.607 

3.019 

3.015 

1.621 

1.621 

ir.Tyo 

7. to 

1.610 

1.6  » 5 

7.2* 

T.2I9 

<000 

1.612 

3.070 

1.6*7 

7.813 

1.617 

7.256 

TABLE  14  REDUCED  ENTROPY  DIVIDED  BY  In  T 


H.jm 

k.im 

k.(690 

k.t5>5 

k.»HT» 

k.*teT 

k.t3» 

k.taB9 

*.»»* 

k.Moo 

k.Hn 

kMkm 

k.MSS 

k.tkTt 

k.M9>. 

>i.t909 

•i.*!** 

*.»S>0 

*.*590 

li.MU 


k.MlO 

%.M9t 

>>Mik 

k.l6T6 

k.M9e 

%.I9*0 

k.l9liO 

k.lt6l 

k.t9at 

k.900) 

k.JOtk 


TABLE  15  REDUCED  ENTROPY  DIVIDED  BY  In  T 


t 

(K) 

Ml 

M 

ro 

CO-* 

100 

3.4077 

4.3160 

4.7?P:> 

too 

h.O096 

yf»M 

4.2193 

4.9405 

>90.16 

k.oiak 

4.44(6 

3.239; 

4.1/^ 

4.>IU> 

h.OUT 

4.44'^ 

s.»»y 

4.XC.9R 

4.5105 

h.OloO 

4.40li(; 

i.im 

4.1376 

4.9211 

soo 

3.9960 

4.3760 

5.X727 

4.94(3 

£00 

9.96TI 

3.1535 

4.1094 

4, >783 
4.6015 

TOO 

3.9T93 

4.344*1 

3.X30X 

4.0931 

too 

3.97h9 

4.3370 

3.U54 

h-OU-A 

3.1^312 

9» 

3.97X0 

4.3297 

3.1X45 

4.0034 

4.6996 

UOO 

3.9T06 

4.3254 

3.1052 

4.0019 

4.6072 

1X00 

3.9T09 

4.3229 

3.0>>9 

4.0006 

4.7192 

UOO 

3.97X3 

4.3207 

3.0.497 

*.0006 

4.7379 

MOO 

3.9729 

4.3199 

3.0031 

i«.04U 

4.7611 

1>>00 

3.97hl 

4.3x89 

3.0'm 

4.0023 

4,7831 

MOO 

3.9760 

4.3106 

3.07)7 

4.0bjs 

4.O039 

UOO 

3.9700 

4.3X09 

3.06*7} 

4.0090 

4.0237 

1700 

3.9602 

4.3108 

3.0621 

4.0066 

*.0*22 

Uoo 

3.96(h 

4.3191 

5.0577 

*.0683 

4.8600 

1900 

3.96k7 

4.3x96 

3.0537 

4.0900 

4.8767 

8000 

3.9069 

^.3801 

3.0900 

4.09x9 

4.0996 

(100 

3.9090 

4.3207 

3.0469 

4.0939 

4.9078 

taoo 

3.99M 

4.32M 

3.0432 

4.0953 

4.9993 

vs> 

3.9939 

4.3220 

3.0(100 

4.0971 

4.9»il 

3.9996 

4.3220 

3.0572 

4.0966 

4.9494 

tJOO 

3.9976 

4.3239 

3.034* 

*.1004 

4.9691 

(600 

3.9997 

4.3242 

3.03X7 

4.1081 

4.7743 

(TOO 

>1.00x9 

4.3250 

3.0292 

4.1030 

4.9859 

2000 

4.0030 

4.3257 

3-0969 

4.1054 

4.9771 

(900 

4.0090 

4.3«3 

3.C947 

4, WO 

5.0000 

3000 

4.0077 

^.3878 

3.0929 

4.1006 

5.0105 

SlOO 

4.0099 

4.3279 

3.0209 

4.1100 

3.0906 

3(00 

4.0X13 

4.3206 

3.0109 

4.1U6 

5.0383 

3300 

4.0x31 

4.3294 

3.OI6T 

4,1190 

5.0470 

Shoo 

4.0X47 

4.3302 

3.0149 

4.11*5 

9.0569 

S1K» 

4.0164 

4.3309 

3.0133 

*.1190 

9.0697 

3600 

4.0X01 

4.3316 

3.01x0 

*.1171 

3.0743 

9.0M 

STOO 

4.0X97 

4.3322 

3.0x03 

k.ue9 

3000 

4.0(XS 

4.3330 

3.0009 

4.1199 

3.090T 

3900 

4.0(99 

4.3337 

3.00"* 

4.1811 

9.0906 

hOOO 

4.0(43 

4.3343 

3.0069 

4,122* 

9.1069 

hlOO 

4.0990 

4.3330 

3.0094 

*.U36 

3.U36 

Uoo 

4.0(73 

4.3396 

3.004* 

4.12*9 

5.U07 

4.0207 

4.03OX 

4.3363 

4.3y'9 

3.0033 

3.0099 

4.U99 

k.mi 

9.1(79 

9.1346 

•1900 

4.0314 

4.3376 

3.OOXT 

*.120* 

9.14i6 

Uoo 

4.0390 

4.3303 

3.00x0 

4.U94 

9.1404 

hTOO 

4.0341 

4.3300 

3.000* 

4.1309 

9.1949 

6000 

4.0399 

4.3399 

2.9990 

4.1316 

9.1600 

h900 

4.0366 

4.3400 

>.9992 

4.1320 

9.16'70 

3000 

4.0379 

4.3407 

2.9900 

4.1330 

9.17»» 

3X00 

4.0391 

4.34M 

2.9904 

4.1346 

9.1709 

9>00 

4.0404 

4.34X9 

4.34(4 

2.9900 

4.1350 

9.1646 

SJOO 

4.04X9 

f-mr 

h.iyw 

9.1903 

3»00 

4.042? 

(.99* 

4.1370 

5.1957 

9300 

4.0439 

4.3436 

2.9974 

4.1300 

>.(013 

9600 

4.049X 

4.3M*i 

2.99T4 

4.1377 

9.(076 

>700 

4.046X 

4.3477 

2.9V74 

k.xirin 

9.21)0 

9000 

4.0473 

4.3452 

2.9774 

4.14)7 

5.2167 

5900 

4.0404 

4.3450 

2.9779 

4.l48t> 

5.2271 

6000 

4.0494 

4.3463 

2.9779 

4.143* 

5.2C71 

TABLE  l6 


FLUID  PROPERTIES  OF  SUPERSONIC  COMBUSTION  RAMJET 
SHOCKED  INLET  (CRITICAL  CONDITION) 


FREE 

FUSELAGE 

DIFFUSER 

DIFFUSER 

STREAM 

AIRSTREAM 

INLET 

THROAT 

• 

1 

2 

3 

T (K) 

200 

230 

1256.6 

1110.5 

P (atm) 

.01 

.02 

.59236 

.3565 

u (m/s) 

1420.3 

1525 

281.315 

652.274 

M (frozen) 

5 

5 

0.407 

1.000 

^Op 

.210084 

.210084 

.209922 

.210032 

.789916 

.789916 

.789752 

. 789864 

^0 

0 

0 

0 

0 

^N 

0 

0 

0 

0 

^NO 

0 

0 

. 000326 

.000104 

0 

0 

0 

0 

0 

0 

0 

0 

^OH 

0 

0 

0 

0 

0 

0 

0 

0 

^(g/mole ) 

28.853 

28.853 

28.853 

28.853 

y (frozen) 

1.4 

1.4 

1.319167 

1.32772 

S 

NC 

NC 

29.7868 

29.7862 

T 

NC 

.556455 

3.742178 

3.263834 

^3 

NA 

NA 

1.5782 

1 

NC-nwans  Not  Caloulatad 
NA-Mana  Not  Applloabla 


49 


TABLE  17 


FLUID  PROPERTIES  OP  SUPERSONIC  COMBUSTION  RAMJET 
SHOCKED  INLET,  M =5,  On  = 0*5 


DIFFUSER 

EXIT 


COMBUSTION  CHAMBER 
INLET  EXIT 


EXHAUST 
NOZZLE  EXIT 


u (m/s)  1125.78 

M (frozen)  2.093 

.210084 


147929 

556213 


.0129  .0071 

.627008  .642571 

.004220  .000964 

.004694  .001853 

.038280  .018524 

.280390  .318257 

.019017  .0075696 

.013169  .003441 

23.652848  24.203772 

1.254343  1.253704 


789916 


?^(g/inole)  28.853 
V (frozen)  1.358717 

I 29.7868 


42.50791  42.5074 


2.101288 


087128 


f 

I 


< 


I 


( 


I 


1:" 


TABLE  18 

FLUID  PROPERTIES  OF  SUPERSONIC  COMBUSTION  RAMJET 
SHOCKED  INLET,  M =5,  Jn  =2 


DIFFUSER 

2 

COMBUSTION 

CHAMBER 

EXHAUST 

EXIT 

INLET 

EXIT 

NOZZLE  EXIT 

3c 

3c 

4 

5 

T (K) 

967 

967 

1656.7 

931 

P(atm) 

.205 

.205 

.205 

.02 

u (m/s) 

870.529 

870.529 

870.529 

1623.397 

M (frozen) 

1.426 

NC 

1.085 

2.717 

.210084 

.190114 

.i486 

.1497 

.789916 

.714829 

.749335 

.750492 

Jlo 

0 

0 

. 000024 

0 

0 

NC 

NC 

NC 

^NO 

0 

0 

.002161 

.000018 

^H2 

0 

.095057 

. 000007 

0 

^HgO 

0 

0 

.099592 

. 099800 

^OH 

0 

0 

. 000379 

0 

0 

0 

. 0000006 

0 

>J2,(g/mole ) 

28.853 

NC 

27.614528 

27.614592 

(frozen) 

1.3373 

NC 

1.291421 

1.330458 

S 

^2  T 

29.7840 

NC 

33.5544 

33.5550 

V*  T 

RgTa 

2.804904 

NC 

3.065934 

.473109 

A 

1.1340 

1.1340 

2.0300 

6.2703 
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TABLE  19 


FLUID  PROPERTIES  OF  SUPERSONIC  COMBUSTION  RAMJET 
SHOCKED  INLET  (CRITICAL  CONDITION) 


FREE 

FUSELAGE 

DIFFUSER 

DIFFUSER 

STREAM 

AIRSTREAM 

INLET 

THROAT 

CO 

1 

■ 2 

3 

T (K) 

200 

300 

3084 

2835 

P (atm) 

.01 

.04 

3.162 

1.046 

u (m/s) 

2840.5 

2785 

368.434 

1014.94 

M (frozen) 

10 

8 

0.341 

0.986 

.210084 

.210084 

.16568 

.17679 

.789916 

.789916 

.752654 

.761866 

% 

0 

0 

. 034057 

. 024984 

% 

0 

0 

.000011 

. 000004 

^NO 

0 

0 

.047598 

.036356 

0 

0 

0 

0 

\o 

0 

0 

0 

0 

^OH 

0 

0 

0 

0 

0 

0 

0 

0 

2^(g/mole ) 

28.853 

28.853 

28.36149 

28.490545 

y (frozen) 

1.4 

1.4 

1.289101 

1.249 

S 

NC 

NC 

32.6595 

32.6564 

^2 

h 

"f  abs 

RgTg 

NC 

.340277 

4.55986 

4.065243 

A 

h 

NA 

NA 

.9958 

1 

-X- 
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t 

I 

I 


i * 

i 

1 I 


i 

i 

I 


i 

i 


I 

j 


I 


TABLE  20 

FLUID  PROPERTIES  OP  SUPERSONIC  COMBUSTION  RAMJET 

SHOCKED  INLET,  M =10,  =0.5 

^2 


DIFFUSER 

COMBUSTION  CH/IMBER 

EXHAUST 

EXIT 

INLET 

EXIT 

NOZZLE  EXIT 

3c 

3c 

4 

5 

T (K) 

2490 

2490 

3026.5 

2223 

P (atm) 

.46 

.46 

.46 

.04 

u (m/s) 

151^.986 

1514.986 

1514.986 

3134.385 

M (frozen) 

1.571 

NC 

1.247 

3.198 

’'<>2 

.193418 

.147929 

.0222 

.0082 

^N3 

.775113 

.556213 

.570000 

.639646 

^0 

.008879 

0 

. 027032 

.001414 

.0000004 

0 

NC 

NC 

^NO 

. 022589 

0 

.014186 

. 002508 

0 

.295858 

.075977 

.022755 

^HpO 

0 

0 

.171442 

.310772 

^OH 

0 

0 

.049762 

.009909 

0 

0 

.069330 

.004846 

7^(g/mole ) 

28.72488 

NC 

21.695834 

24.09626 

y (frozen) 

1.290383 

NC 

1.273074 

1.252743 

32.6600 

NC 

41.36155 

41.38221 

^f  abs 

3.365602 

NC 

4.500086 

0.336135 

RgTg 

4 

1.3901 

1.3901 

2.1356 

7.8505 

53 

3 

j 


TABLE  21 


FLUID  PROPERTIES  OF  SUPERSONIC  COMBUSTION  RAMJET 
SHOCKED  INLET,  M =10,  I?  2 =2 


DIFFUSER 

COMBUSTION 

CHAMBER 

EXHAUST 

EXIT 

INLET 

EXIT 

NOZZLE  EXIT 

3c 

3c 

4 

5 

T (K) 

2661 

2661 

2836.5 

1839 

P (atm) 

.7 

.7 

.7 

.04 

u (m/s) 

1300.023 

1300.023 

1300.023 

2407.716 

M (frozen) 

1.302 

NC 

1.225 

2.852 

.186028 

.190114 

.1162 

.14697 

.769139 

.714829 

.713782 

.747921 

.015643 

0 

,025328 

. 000332 

^N 

.000001 

0 

NC 

NC 

^NO 

.029191 

0 

.028587 

.004120 

^H2 

0 

.095057 

.006309 

.000099 

0 

0 

.071173 

.098709 

^OH 

0 

0 

.029890 

.001824 

0 

0 

.008782 

. 000024 

^(g/mole) 

28.627296 

NC 

26.790837 

27.5953^ 

y (frozen) 

1.289737 

NC 

1.280166 

1.286426 

S 

32.64504 

NC 

35.3137 

35.31434 

R,  _ 

"f  abs 

3.700259 

NC 

3.79076 

1.5194 

^2^2 

A 

1 . 0898 

1.0898 

1.2413 

7.3824 

A3 

5^ 


j 

4 

1 

t 

TABLE  22 

FLUID  PROPERTIES  OP  SUPERSONIC  COJBUSTION  RAMJET 
SHOCK  EXPELLED  (SUPERCRITICAL  CONDITION) 

FREE  FUSELAGE  DIFFUSER 

STREAM  AIRSTREAM  INLET 

1 2 

T (K)  200  230  230 

DIFFUSER 

THROAT 

3 

1107.5 

i 

P (atm) 

.01 

.02 

.02 

6.28 

1 

u (m/s) 

1420.3 

1525 

1525 

657.56 

j 

j 

T 

M (frozen) 

5 

5 

5 

1.0103 

1 

i 

^<>2 

.210085 

.210084 

.210084 

.210033 

1 

j 

.789916 

.789916 

.789916 

.789866 

i 

i 

0 

0 

0 

0 

1 

% 

0 

0 

0 

0 

r 

^NO 

0 

0 

0 

.000101 

0 

0 

0 

0 

’hjO 

0 

0 

0 

0 

^OH 

0 

0 

0 

0 

0 

0 

0 

0 

^(g/mole) 

28.853 

28.853 

28.853 

28.85297 

y (frozen) 

1.4 

1.4 

1.4 

1 .327386 

S 

NC 

26.907 

26.907 

26.9061 

t 

^2 

h T 

^f  aba 

NC 

3.496209 

3.496209 

17.77895 

**2^2 

A 

r. 

NA 

NA 

28.1177 

1 

TABLE  23 


I 


FLUID  PROPERTIES  OF  SUPERSONIC  COMBUSTION  RAMJET 


SHOCK  EXPELLED,  M =5, 

Jg^=0.5 

DIFFUSER 

COMBUSTION 

CHAMBER 

EXHAUST 

EXIT 

INLET 

EXIT 

NOZZLE  EXIT 

3c 

3c 

4 

5 

T (K) 

75^.9 

754.9 

2604 

1234.5 

P (atm) 

1.395 

1.395 

1.395 

.02 

u (m/s) 

1110.205 

1110.205 

1110.205 

1 

i.oks 

2356.845 

M (frozen) 

2.064 

NC 

3.215 

^oa 

.210084 

.147929 

L008 

.00001 

^«2 

.78916 

.556213 

.635607 

.652770 

^0 

0 

0 

.001783 

0 

^N 

0 

0 

NC 

NC 

^NO 

0 

0 

.005034 

. 000002 

0 

.295858 

.027711 

.000021 

c» 

^HpO 

0 

0 

,301792 

.347196 

^OH 

0 

0 

.014371 

. 000002 

0 

0 

.005478 

0 

^(g/mole) 

28.853 

NC 

23.98566 

24.543573 

y (frozen) 

1.329684 

NC 

1.247582 

1.285460 

S 

Rg 

26.90625 

NC 

38.92074 

38.92110 

h T 

"f  abs 

R2T2 

11.74239 

NC 

15.928338 

-25.9767 

A 

A3 

1.8175 

1.8175 

56 

7.54i4 

114.7979 

M 


^jS 


TABLE  24 


FLUID  PROPERTIES  OF  SUPERSONIC  COMBUSTION  RAMJET 
SHOCK  EXPELLED,  M =5i  I?  n =2 


DIFFUSER 

COMBUSTION 

CHAMBER 

EXHAUST 

EXIT 

INLET 

EXIT 

NOZZLE  EXIT 

3c 

3c 

4 

5 

T (K) 

936 

936 

1705 

484 

P (atm) 

3.2 

3.2 

3.2 

.02 

u (m/s) 

910.123 

910.123 

910.123 

1742.997 

M (frozen) 

1.515 

NC 

1.119 

3.889 

^^2 

.210084 

.190114 

CM 

00 

• 

.1497 

.789916 

.714829 

.749144 

.750499 

^0 

0 

0 

.000010 

0 

^N 

0 

0 

NC 

NC 

^NO 

0 

0 

.002600 

0 

0 

.095057 

.000003 

0 

^H^O 

0 

0 

.099657 

. 099800 

^OH 

0 

0 

.000266 

0 

0 

0 

. 0000002 

0 

2l^(g/mole ) 

28.853 

NC 

27.610155 

27.613586 

y (frozen) 

1.33755 

NC 

1.289948 

1.378425 

S 

26.9074 

NC 

30.9574 

30.9551 

"f  abs 

14.79195 

NC 

17.73222 

-5.186886 

^2^2 

A 

1.1983 

1.1983 

2.2811 

54.0926 

A3 

57 


TABLE  25 


FLUID  PROPERTIES  OF  SUPERSONIC  COMBUSTION  RAMJET 
SHOCK  EXPELLED  (SUPERCRITICAL  CONDITION) 


FREE 

FUSELAGE 

DIFFUSER 

DIFFUSER 

STREAM 

AIRSTREAM 

INLET 

THROAT 

OD 

1 

2 

3 

T (K) 

200 

300 

300 

2940 

P(atm) 

.01 

.04 

.04 

272 

u (m/s) 

2840.5 

2785 

2785 

1042.96 

M (frozen) 

10 

8 

8 

0.999 

.210084 

.210084 

.210084 

.187123 

.789916 

.789916 

.789916 

.767460 

'Vo 

0 

0 

0 

.002396 

Vn 

0 

0 

0 

. 0000005 

Vno 

0 

0 

0 

. 043021 

0 

0 

0 

0 

0 

0 

0 

0 

Vqh 

0 

0 

0 

0 

0 

0 

0 

0 

^(g/mole ) 

28.853 

28.853 

28.853 

28.818412 

^ (frozen) 

1.4 

1.4 

1.4 

1.284703 

S 

NC 

27.5823 

27.5823 

27.5793 

R2 

"f  abs 

NC 

3.49805 

3.49805 

42.0671 

R2T2 

A 

NA 

NA 

259.3541 

1 

A3 

58 


TABLE  26 


FLUID  PROPERTIES  OF  SUPERSONIC  COMBUSTION  RAMJET 
SHOCK  EXPELLED,  M =10,  On  =0*5 


EXHAUST 
NOZZLE  EXIT 


COMBUSTION  CHAMBER 
INLET  EXIT 


DIFFUSER 

EXIT 


T (K)  2570  2570  3579.4  729 

P (atm)  136  136  136  .04 

u (m/s)  1480.836  1480.836  1480.836  3423.661 

M (frozen)  1.516  NC  1.176  5-969 

.19657  .147929  .099  .0000001 

^2 

.776561  .556213  .613449  .652778 

.000765  0 


613449 

005079 


026104 


.017033  0 

.051814  0 

.347222  .347222 

.033965  0 

.013684  0 

23.389112  24.543781 

1.245256  1.332298 


J^s/mole)  28.841937  NC 
y (frozen)  1.288146  NC 


39.433868  -28.3598? 


TABLE  27 

FLUID  PROPERTIES  OF  SUPERSONIC  COMBUSTION  RAMJET 
SHOCK  EXPELLED,  M =10,  =2 


DIFFUSER 

COMBUSTION  CHAMBER 

EXHAUST 

EXIT 

INLET 

EXIT 

NOZZLE  EXIT 

3c 

3c 

4 

5 

T (K) 

2734 

2734 

3110 

448 

P (atm) 

186 

186 

186 

.04 

u (m/s) 

1309.282 

1309.282 

1309.282 

2752.387 

M (frozen) 

1.300 

NC 

1.197 

6.368 

.19268 

.190114 

.1128 

.1497 

^2. 

^0 

.772792 

.714829 

. 724572 

.750499 

.001331 

0 

.004156 

0 

^N 

.0000001 

0 

NC 

NC 

^NO 

.033197 

0 

.041401 

0 

0 

.095057 

.001223 

0 

^OH 

0 

0 

. 089893 

.099800 

0 

0 

.015420 

0 

0 

0 

.000559 

0 

^(g/mole ) 

28.83377 

NC 

27.42287 

27.614384 

^ (frozen) 

1.286661 

NC 

1.269813 

1.385055 

S 

R- 

27.58312 

NC 

29.94482 

29.94014 

T 

"f  abs 

38.4437 

NC 

39.38418 

-4.431565 

R2T2 

A 

A3 

1.0827 

1.0827 
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